The present study was conducted to compare the behavior of wheat straw, sawdust and biodegradable plastic (BP) as potential carbon sources for denitrification in groundwater remediation.
INTRODUCTION
Nitrate contamination of groundwater aquifers has been reported worldwide (Galloway et al. ; Rivett et al. ) . A high concentration of nitrate in groundwater used for drinking water poses a risk to public health as it can lead directly to methemoglobinemia in infants (blue baby syndrome) and may play a role in the development of some cancers (Schubert et al. ; Sandor et al. ; Aslan & Cakici ) . Consequently, the WHO has set a limit of 11.3 mg NO 3 À -N/L for drinking water (World Health Organization ). Nowadays, biological denitrification is considered to be the best option for removing nitrogen from groundwater because of its efficiency, moderate cost and environmentally sound nature (Koren et al. ) . Many researchers have found that denitrification is influenced by many factors including organic carbon supply, oxygen availability and temperature (Ogilvie et al. ; Hunter ; Dodla et al. ; Hien et al. ) . The denitrifying microorganisms prevail and the denitrification process could proceed completely under the conditions such as neutral pH, low oxidation-reduction potential (ORP) and enough organic carbon. As contaminated groundwater tends to contain high concentrations of nitrate but relatively little available organic carbon, the organic carbon in groundwater is usually not sufficient to support denitrification. Consequently, the most critical limiting factor of denitrificationbased groundwater remediation systems is the availability of organic carbons that can be used as electron donors by the denitrifying microorganisms. Until recently, liquid carbon sources such as methanol and molasses have been used to stimulate microbial denitrification (Rabah & Dahab ; Modin et al. ; Ginige et al. ) . However, liquid carbon sources are costly, require sophisticated process control, and pose the risk of overdose. Accordingly, a great deal of attention has recently been focused on solid carbon sources (Saliling et al. ; Robinson-Lora & Brennan ) .
When using solid carbon sources, the secondary pollution caused by solid carbon sources must be taken into account. However, less attention has been given to the compounds released by solid carbon sources. In addition, the longevity of nitrate removal in groundwater remediation systems is important to their actual application. In most cases, only slow rates of solid carbon sources decomposition are needed to support nitrate removal because there is generally a large amount of carbon relative to the nitrate inputs.
Consequently, the appropriate solid carbon sources should have a low release of soluble nitrogen components, slow degradation rates and high denitrification rate.
In this study, wheat straw, sawdust and biodegradable plastic (BP) were selected as potential carbon sources to evaluate their behavior in biological denitrification. The objectives of this study were: (a) to test the leaching laws of nitrate, nitrite, ammonium and COD of the selected solid carbon sources in leaching experiments; (b) to assess the ability of these carbon sources to promote denitrification in batch experiments and select the optimal solid carbon source for column experiments; (c) to assess the denitrification rates supported by the optimal organic substrate in column experiments; and (d) to study the effect of influent nitrate concentrations on potential denitrification rates.
MATERIALS AND METHODS

Chemicals
All chemicals used in this study were analytical reagent grade. High purity nitrogen gas was used to purge influent of batch experiments. Wheat straw, sawdust and BP were selected as potential carbon sources. Wheat straw was obtained from the suburbs of Beijing (Daxing) and shredded to ribbons (0.5 cm width) using a shredder. Sawdust (powder) was obtained from Kaibiyuan Company (Beijing). BP (0.5 × 0.2 mm) composed of 60% starch and 30% polypropylene was obtained from Zhaohe Ecological Technology Company, Hebei, China.
Solid samples were washed with distilled water, air dried, and ground to a homogeneous fine powder, after which they were analyzed for elemental composition using an elemental analyzer (Elementar Vario MACRO, Elementar Analysensysteme GmbH, Germany). Elemental analysis of the selected solid carbon sources indicated that the total carbon and nitrogen contents were 42.54 and 0.52% for wheat straw, 48.78 and 0.21% for sawdust, and 43.91 and 0.08% for BP, respectively. Washed zeolite (2.0-4.0 mm) and quartz sand (1.0-2.0 mm) were used as inert materials in the column experiments.
Groundwater sources
In this study, synthetic groundwater used in the batch and column experiments was prepared by spiking groundwater pumped from China University of Geosciences (Beijing) with an appropriate mass of NaNO 3 to achieve a nitrate concentration of 50, 60, 70, 80, 90, and 100 mg NO 3 À -N/L.
Phosphorus was also added as a nutrient in the form of K 2 HPO 4 at an N/P ratio of 20. Freshly prepared synthetic groundwater had a pH of 7.0-8.0. Anaerobic sludge was obtained from primary anaerobic digester in Qinghe Wastewater Treatment Plant, Beijing, China. The suspended solids (SS) and volatile suspended solids (VSS) were 2,560 and 1,869 mg/L, respectively. The value of VSS/SS was 0.73.
Leaching experiments
Leaching experiments were established to simulate the migration and leaching laws of nitrate, nitrite, ammonium and COD of each selected carbon source. Prior to the experiments, every carbon source was washed with distilled water and allowed to dry naturally. Equal volumes of the three carbon sources (3 g wheat straw, 5 g sawdust and 15 g BP) were then added to three 250 mL Erlenmeyer flasks, after which the flasks were sterilized in a pressure cooker for 15 min. After sterilization, 150 mL of distilled water were added to the flasks to give a solid-to-liquid of 1/15 (v/v). Each flask was sealed with a glass stopper, and the experiments were conducted at room temperature (20 ± 2 W C).
Supernatants (40 mL) were taken from each flask periodically and the extracted volume was replaced with 40 mL of fresh distilled water. The supernatants were analyzed for NO 3 À -N, NO 2 À -N, NH 4 þ -N and COD.
Batch experiments
Batch microcosm experiments were conducted as a preliminary evaluation of the capacity of the solid carbon sources to enhance denitrification. Batch experiments were conducted in three 250 mL Erlenmeyer flasks. The pretreatment procedures of carbon sources were the same as those described in leaching experiments. After sterilization, the three flasks had 150 mL synthetic groundwater containing 50 mg NO 3 À -N/L added and were inoculated with 5 mL of sludge. The flasks were then purged for 20 min with high purity nitrogen to lower dissolved oxygen (DO) concentration (final DO< 2.0 mg/L). The flasks were sealed with glass stoppers and then incubated at room temperature (20 ± 2 W C).
Supernatants (40 mL) were taken from each flask periodically and the extracted volume was replaced with 40 mL of fresh synthetic groundwater. The analysis was the same as described in the leaching experiments.
Column experiments
Upon completion of the batch experiments, BP showed the best performance for denitrification, and was selected for the column experiments. One PVC column (internal diameter ¼ 10.0 cm, length ¼ 50.0 cm) was used in this study. The packing materials consisted of a mixture of BP and inert material. The inert material was a mixture of zeolite and quartz sand (1:1 by weight). The amounts of BP and inert material were 335.6 g and 3,356 g, respectively. These packing materials were immersed in 1,000 mL anaerobic sludge for 24 h, mixed homogeneously, and then packed in the column. Powdered quartz sand was then placed at both ends of the column. The column was sealed to create anaerobic conditions. The porosity of the packing mixture was quantified to be 0.45.
The synthetic groundwater was pumped upwards into the column using a peristaltic pump (LEAD-2, Baoding Longer Precision Pump Co., Ltd., China) at a flow rate of 2.0 mL/min.
In the first period of the experiments, synthetic groundwater at 50 mg NO 3 À -N/L was fed into the system for 49 days. After this period, the influent nitrate concentration was gradually increased to 60, 70, 80, 90 and 100 mg NO 3 À -N/L. The column experiments were conducted at room temperature (23 ± 2 W C) and operated for 150 days.
Samples were periodically collected from effluent and analyzed for pH, ORP, DO, NO 3 À -N, NO 2 À -N, NH 4 þ -N and COD.
Analytical techniques
Electrodes were used to measure the pH (UB-7, Denver Instrument, USA), ORP (ORPTestr 10, Oakton, USA) and DO (DO 110, Eutech Instruments, Singapore). NO 3 À -N, 
RESULTS AND DISCUSSION
Leaching experiments
Release of nitrogen compounds and the concentrations of nitrate decreased to less than 0.60 mg NO 3 À -N/L from day 20 and these residual concentrations remained until the end of the experiments. In the BP flask, nitrate was not detected in any of the experiments, except during the first two days. As shown in Figure 1(b) , quick release of nitrite occurred in the leaching experiment with wheat straw and the nitrite concentration was 0.216 mg NO 2 À -N/L on the first day. Afterwards, the concentrations decreased rapidly to 0.004 mg NO 2 À -N/L in 6 days, and these residual concentrations remained until day 31, after which no nitrite was detected. Conversely, no nitrite was released from the sawdust and BP throughout the experiment, except during the first day. Significant amounts of ammonium were released from wheat straw and sawdust (Figure 1(c) ). The maximum ammonium concentrations of 8.00 mg NH 4 þ -N/L from wheat straw and 3.84 mg NH 4 þ -N/L from sawdust were observed on the first day of the experiments. The concentrations of ammonium then rapidly decreased, with the concentrations in the wheat straw experiments falling below 1.00 mg NH 4 þ -N/L by day 18 and below 0.5 mg NH 4 þ -N/L by day 28, after which the concentrations remained nearly constant. For sawdust, the ammonium concentrations rapidly decreased to 0.66 mg NH 4 þ -N/L in eight days, after which they continued to decrease gradually, with no ammonium being detected in the effluent at the end of the experiments. In contrast, the amount of ammonium released from BP was between 0.20 and 0.66 mg NH 4 þ -N/L during the experiments.
These results indicate that more nitrogen compounds were released from wheat straw and sawdust than from BP. These findings coincided with the results of elemental analysis, which revealed that the nitrogen contents of wheat straw, sawdust and BP were 0.52, 0.21 and 0.08% respectively. As the nitrogen contents of BP are very low, BP released few nitrogen compounds which were far lower than that released by other carbon sources used in previous works (Gibert et al. ; Cameron & Schipper ) . The extensive release of nitrogen compounds from the wheat straw and sawdust indicate a potential drawback to their use in groundwater remediation. Conversely, BP released few nitrogen compounds; therefore, it is feasible to use BP as a solid carbon source in future applications.
Release of COD
COD was monitored as an indicator of the amount of organic carbon released from the carbon sources. As shown in Figure 1(d) , very high COD concentrations were released from wheat straw and sawdust during the initial period of the experiments, with the maximum concentrations of 506.4 and 321.6 mg/L, respectively, being observed on the first day. However, the COD concentrations released from wheat straw and sawdust rapidly decreased to values below 50.0 mg/L in 15 days. Conversely, the amount of COD released from BP was relatively low, ranging from 24.0 to 81.5 mg/L throughout the experimental periods.
These results indicated that the amount of COD released from wheat straw and sawdust was much higher than the amount released from BP when no microorganisms were present. In addition, the release rates of wheat straw and sawdust were high during the initial period, indicating these carbon sources have the potential to cause the COD to be too high, thereby exceeding the requirement for microbial growth and causing secondary pollution of the groundwater. In contrast, although the amount of COD released by BP was relatively low, it has been demonstrated that BP can provide enough organic carbon continuously when microorganisms are present (Tomonori et al. ; Wang & Wang ) , which was validated by the following batch experiments.
Batch experiments
Nitrate removal
The three inoculated flasks were run for 45 days. The nitrate concentrations in the effluent of the flasks are presented in Figure 2 (a). The nitrate removal efficiency varied with the type of carbon source used. The nitrate concentrations decreased from the initial 50 mg NO 3 À -N/L to below 11.3 mg NO 3 À -N/L, which is the maximum permissible concentration set by the WHO, within 4 days for all carbon sources. Afterwards, the nitrate removal efficiency in the BP flask was maintained at greater than 99% until the end of the experiments. For wheat straw, high nitrate removal efficiency was also observed, ranging from 89 to 95% during the experiments. In contrast, the nitrate removal efficiency in the sawdust flask was 85-94% within 15 days; afterwards, the nitrate removal efficiency was gradually decreased from 85 to 71%, which was basically coincident with the decrease tendency of COD released from sawdust during leaching experiments in this period (Figure 1(d) ). One possible reason for this decrease in nitrate removal efficiency is that the sawdust contains high amounts of lignin, which is difficult for microorganisms to degrade. Thus, the available organic carbon was not sufficient to support denitrification. Gibert et al. () found that a lower content of lignin in the organic carbon source was associated with a higher degradability and capacity for the development of bacterial activity. In view of the results obtained, BP showed higher nitrate removal efficiency and longer service life than wheat straw and sawdust at the same influent nitrate concentration, indicating that BP had a lasting promotion effect on denitrification and is appropriate for groundwater remediation.
The accumulation of nitrite and ammonium
It was obvious that the nitrite accumulated significantly during the first day of the experiments (Figure 2(b) ), and the values were 12.201 mg NO 2 À -N/L for wheat straw, 5.301 mg NO 2 À -N/L for sawdust and 2.197 mg NO 2 À -N/L for BP. Afterwards, there was an abrupt decrease in nitrite accumulation from the initial levels to 0.008 mg NO 2 À -N/L for wheat straw and BP on day 3, and these concentrations remained until the end of the experiments. These results demonstrated that there was little nitrite accumulation during denitrification in the batch experiments when using wheat straw or BP as the carbon source. Conversely, the nitrite concentrations were relatively high in the effluent when using sawdust as carbon source, reaching a maximum of 0.210 mg NO 2 À -N/L on day 16. Some factors have been shown to cause the accumulation of nitrite, including the organic carbon supply, temperature, oxygen content and phosphate concentration (Gómez et al. ; Hunter ) .
In this study, comparison of the COD concentrations in the effluent (Figure 2(d) ) indicated that the deficiency of available carbon may have been the leading factor for nitrite accumulation in the sawdust flask.
Significant amounts of accumulated ammonium were observed for wheat straw and sawdust on the first day of the experiments, with concentrations of 6.74 and 4.11 mg NH 4 þ -N/L being observed for wheat straw and sawdust, respectively (Figure 2(c) ). The concentrations decreased rapidly to 3.67 mg NH 4 þ -N/L for wheat straw and 1.48 mg NH 4 þ -N/L for sawdust from days 1 to 5. This decrease continued for the next 28 days, at which point the ammonium concentrations were below 2.00 mg NH 4 þ -N/L for wheat straw and below 0.50 mg NH 4 The formation of ammonium suggested that dissimilatory nitrate reduction to ammonia (DNRA) was occurring. DNRA is a further anaerobic reduction reaction that competes with denitrification and converts nitrate to ammonium rather than N 2 (Patterson et al. ) . Consequently, DNRA is seen as a counterproductive process in denitrification studies. The balance of denitrification and DNRA depends on temperature, oxygen, nitrate availability and organic carbon (Ogilvie et al. ; Gibert et al. ) . A number of additional factors, such as the breakdown and fermentation of protein in carbon sources, have also been reported to cause ammonium to accumulate under denitrifying conditions (Robinson-Lora & Brennan ).
Evolution of COD
The three flasks with different carbon sources showed obvious differences in COD evolution throughout the experiments (Figure 2(d) ). During the initial five days of operation, the COD concentrations in wheat straw and sawdust flasks were 176.0-374.4 and 135.2-396.0 mg/L, respectively, which indicated that the availability of organic carbon did not limit the denitrification process in the initial phase of the experiments. For sawdust, the COD concentrations rapidly decreased from the beginning of the experiments, and fell below 50.0 mg/L by day 15. Afterwards, the COD remained fairly constant until the end of the experiments. However, the COD concentrations in the wheat straw flask exhibited a different behavior. Specifically, after an initial decrease, the COD concentration in the wheat straw flask increased rapidly from day 6 to 348.0 mg/L at day 14. After day 14, the COD concentrations decreased slowly to 73.6 mg/L at the end of the experimental period. Contrary to the findings in the wheat straw treatment, the COD concentrations in the BP flask showed a very rapid increase from the initial level of 42.4 to 215.2 mg/L over the first 8 days. The levels then rapidly decreased to 33.6 mg/L on day 12, after which the COD concentration increased slowly to 210.4 mg/L at the end of the experiments.
As shown in Figure 2 , the COD concentrations of wheat straw were higher than those of BP, whereas the nitrate removal efficiency in the wheat straw flask was lower than that in the BP flask. This phenomenon implied that the capacity of the solid carbon sources to promote nitrate removal was correlated with their chemical characterization. The cellulose, hemicellulose, and lignin contents of wheat straw are 34-40, 30-35, and 14-15%, respectively (Liu et al. ) . As shown in a previous study, cellulose fibrils released from wheat straw were imbedded into a lignin matrix that protects them from enzymatic attack (Müller & Trösch ; Schultz-Jensen et al. ) .
In the leaching and batch experiments, BP was found to be the most appropriate carbon source for stimulation of denitrification activity owing to the lower amount of nitrogen compounds released, higher denitrification efficiency, longer service life and lower accumulation of potentially toxic by-products such as nitrite. Therefore, BP was selected for further column experiments.
Column experiments
Environmental parameters in the column
The pH of the column remained neutral over time, with values fluctuating between 7.3 and 8.5, but remaining primarily around 7.5. ORP was measured as an overall redox parameter to indicate the reduction conditions of the column. Reduction conditions were evident in the column from the beginning of the experiments, and the ORP of effluent remained between À250 and À288 mV throughout the experiments. DO entered the column at concentrations around 7.0 mg/L, but it was rapidly consumed and decreased along the column to average levels of 0.7 mg/L in the outlet.
Performance of the column experiments
During the first period, nitrate removal was observed from the beginning of the operation, and the nitrate concentrations in the effluent decreased from the initial 50 mg NO 3 À -N/L to below 10 mg NO 3 À -N/L in 13 days (Figure 3(a) ).
After 1 month of operation, complete denitrification (>99%) was achieved in the column. These findings indicated that there was enough carbon available in the column to support denitrification. As shown in Figure 3(d) , from day 9 onwards, the COD increased at a low rate, increasing to a maximum of 120.0 mg/L on day 41. This increase may result from the growth of microbes that can degrade BP to available carbon. However, the microorganisms in the column could not completely consume the carbon, which resulted in a high COD in the effluent. The denitrification rate of the continuous column was determined using the following equation:
Denitrification rate mg NO À 3 -N=L day
where R is the synthetic groundwater flow rate, [NO 3 À -N] influent and [NO 3 À -N] effluent are the influent and effluent nitrate concentration (mg NO 3 À -N/L), respectively, and V is the effective column volume. The denitrification rates were normalized based on the solid carbon source mass to facilitate further comparisons with other published studies. To accomplish this, the mass of BP (335.6 g) packed in the column was used. Moreover, as the nitrite and ammonium concentrations detected were very low relative to the nitrate removed during this period, they did not enter into the calculated denitrification rate. As the influent nitrate concentration was 50 mg NO 3 À -N/L, the calculated denitrification rate was 0.12 mg NO 3 À -N.L À1 .d À1 .g À1 once the steadystate was achieved, which was higher than that reported by Gibert et al. () . Some nitrite accumulation was observed simultaneously with nitrate reduction; however, once steady-state conditions were achieved at day 34, the nitrite concentrations were below 0.016 mg NO 2 À -N/L or not detected, which was far lower than reported by Gibert et al. () . Similarly, certain amounts of ammonium were observed in the column during the first period, and these remained fairly constant from day 5 of the experiment, with the values fluctuating between 0.16 and 0.68 mg NH 4 þ -N/L. These values were obviously lower than the concentrations reported for a column experiment using crab-shell chitin as carbon source (Robinson-Lora & Brennan ).
The influence of influent nitrate concentrations
After day 49, the influent nitrate concentrations were gradually increased from 50 mg NO 3 À -N/L to 60, 70, 80, 90, and 100 mg NO 3 À -N/L to investigate the effects of influent nitrate concentrations on denitrification. Complete nitrate reduction (>99%) was achieved at high influent nitrate concentrations of 60, 70, 80, and 90 mg NO 3 À -N/L. As the influent nitrate concentrations increased, the average denitrification rates in the column improved from the initial 0.12 mg NO 3 À -N.L À1 .d À1 .g À1 to 0.14, 0.17, 0.19, and 0.22 mg NO 3 À -N.L À1 .d À1 .g À1 , corresponding to influent nitrate concentrations of 50, 60, 70, 80, and 90 mg NO 3 À -N/L, respectively. At the same time, the nitrite concentration in the effluent was below 0.016 mg NO 2 À -N/L when steady-state conditions were achieved. As shown in Figure 3(d) , as the influent nitrate concentration increased, the COD concentrations in the effluent increased to a maximum value of 174.3 mg/L, after which they rapidly decreased to less than 20.0 mg/L. These findings indicated that the microorganisms in the column could consume the available carbon from the BP when the influent nitrate concentration was 90 mg NO 3 À -N/L. Afterwards, when the influent nitrate concentration increased to 100 mg NO 3 À -N/L on day 81, nitrate breakthrough occurred, with the maximum nitrate concentration in the effluent being 41.13 mg NO 3 À -N/L and the COD concentrations in effluent being very low during this period of operation. Moreover, nitrite accumulation became more evident and reached a maximum of 4.452 mg NO 2 À -N/L. These findings indicated that nitrate breakthrough had occurred and nitrite accumulated when the carbon source was insufficient, which is similar to the results observed by Israel et al. () . Furthermore, the concentration of ammonium increased to a maximum value of 2.14 mg NH 4 þ /L on day 105 after the nitrate concentration increased to 100 mg NO 3 À -N/L. This result occurred because nitrate input in synthetic groundwater favored DNRA over denitrification under anaerobic conditions, which finally caused ammonium accumulation (King & Nedwell ) .
CONCLUSIONS
A series of experiments were carried out to evaluate the behavior of wheat straw, sawdust and BP in order to select an appropriate organic carbon source for denitrification in nitrate-polluted groundwater remediation. The results of this study demonstrate that BP is more suitable as a carbon source than wheat straw and sawdust for denitrification. In the leaching and batch experiments, BP was selected for column study owing to the lower amount of nitrogen compounds released and higher denitrification efficiency.
In column experiments, BP was able to support complete denitrification at rates that were higher than those previously reported. Additionally, the influent nitrate concentrations appeared to have some influence on denitrification. As a result, BP was applicable for further use as a filling carbon source for nitrate-polluted groundwater remediation.
